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Mammalian homologs of lin28: Lin28 and Lin28B block the post-transcriptional processing of the
let-7 family of miRNAs. We report that in vitro the terminal stem-loop region of the let-7g miRNA
precursor (pre-let-7g) required to bind Lin28B is restricted to 24 nucleotides (nt) including the 30
GGAG motif. Additionally, full length Lin28B is required for efﬁcient binding to pre-let-7g and the
stoichiometry of the complex is 1:1. Molecular dynamics (MD) simulations reveal the interactions
of the pre-let-7g stem-loop and the GGAG motif in the stem region to the cold shock domain
(CSD) and to the zinc knuckle domain (ZKD) of Lin28B, respectively.
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
miRNAs are 22 nt long non-coding RNAs, found in most
eukaryotes including plants and animals, and were discovered
around a decade ago [1]. miRNAs control most cellular processes,
and are involved in gene silencing by directing RNA interference
(RNAi) machinery through complementary base pairing to mRNAs
[2]. They represent 1% of all genes in the human genome with
300 members, which are thought to regulate the expression of
nearly one-third of all genes by RNAi, a highly conserved RNA
guided gene silencing mechanism. Transcription factors are among
the most commonly regulated targets of miRNAs, consistent with
the roles of these small RNAs in cell differentiation [3,4]. There is
also a close link between miRNA up and down regulation with cer-
tain cancers including breast cancer [5,6].
miRNA biogenesis is a multi-step process occurring in the
nucleus and in the cytoplasm. From the primary transcript hairpin
RNA (pri-miRNA), the microprocessor complex comprising RNAase
III enzyme Drosha (Pasha in case of invertebrates) and DGCR8 (Di-
George syndrome critical region 8 gene) cleaves the pri-miRNA
hairpin into a hairpin of approximately 70 nt long precursor miR-
NA (pre-miRNA) [7,8]. The pre-miRNA is then exported from the
nucleus into the cytoplasm by the membrane protein complex
Exportin-5:Ran:GTP [9]. There it is processed by the enzyme Dicer
into a 21–25 nt long double stranded miRNA and is loaded into thechemical Societies. Published by E
Syed Ali).RNA induced silencing complex (RISC) [10,11]. In the RISC, the
miRNA⁄ strand is cleaved leaving the guide miRNA strand bound
to the RISC [7]. Recognition of mRNA by the nucleoprotein complex
with the incorporated miRNA strand leads to the cleavage of the
target mRNA, or the repression of protein translation [12].
Lin28 regulates let-7 miRNA biogenesis, acting as a competitive
inhibitor of Drosha mediated let-7 pri-miRNA [13] and Dicer med-
iated let-7 pre-miRNA processing [14]. The mammalian homologs
of lin28 are Lin28 and Lin28B. Human Lin28B is a protein of 250
amino acids. Comparison of mammalian Lin28B sequences shows
that the protein is highly conserved, with nearly 85% identity with
mouse and 36% identity with Caenorhabditis elegans. Lin28 proteins
contain a cold shock domain (CSD) followed by two consecutive
CCHC type zinc ﬁnger domains forming a zinc knuckle domain
(ZKD) [15]. Although these folds are found ubiquitously in nature,
the arrangement of the CSD with the ZKD is unique to Lin28 in
animals.
Lin28’s role in cell differentiation is underscored by a number of
recent ﬁndings in C. elegans [3,4]. Lin28/Lin28B speciﬁcally regu-
lates members of the let-7 family of miRNAs in humans that in-
clude let-7a to let7i, and the close relative miR98. The let-7
miRNA, based on genetic experiments in C. elegans, is involved in
developmental timing [3,4]. Additionally, let-7 miRNA regulates
oncogenes (Ras, c-Myc, HMGA-2) and cell-cycle genes (Cyclin D1,
D2, Cdc25a and Cdk6). More recent studies have shown that the le-
vel of mature let-7 is directly correlated with the expression levels
of Lin28/Lin28B. Other investigators have shown that over-
expression of Lin28/Lin28B occurs in a wide variety of humanlsevier B.V. All rights reserved.
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evidence suggests that Lin28 can modulate the translation of
mRNAs required for cell growth, metabolism, stem cells, metabolic
diseases and cancer [17]. Therefore, Lin28/Lin28B can be used as a
marker for various tumors.
Lately, the crystal structure of mouse Lin28 bound to the let-7
family of RNAs has been reported [15]. Furthermore, the crystal
structures of apo human and Xenopus tropicalis (Xtr) Lin28B CSD
with hexa, hepta thymidine [18], and the NMR structure of the
Lin28 ZKD with let-7 fragment comprising the GGAG motif [19]
have been solved. However the minimal length of pre-let-7g RNA
required for binding to Lin28B and the stoichiometry of the com-
plex are unknown. In this paper we demonstrate by truncations
of Lin28B that full length Lin28B is required to bind efﬁciently to
pre-let-7g. Furthermore, we reveal the minimal length of pre-let-
7g required for the binding to Lin28B and that the stoichiometry
of the complex is 1:1. MD simulations identify the residues of
Lin28B involved in binding to pre-let-7g.Fig. 1. Lin28B interaction with pre-let-7g RNA. (A) Gel shift experiments carried out
with 1  105 cpm of 50-end 32P labeled 28 nt pre-let-7g with indicated concen-
trations of full length Lin28B. (B) Gel shift experiments carried out with
1  105 cpm of 50-end 32P labeled 24 nt pre-let-7-g with indicated concentrations
of full length Lin28B. (C) Gel shift experiments carried out with 1  105 cpm of 50-
end 32P labeled 24 nt pre-let-7g with indicated concentrations of Lin28B 29–176
(CSD and ZKD).2. Results and discussion
2.1. Minimal length of pre-let-7g required for binding to Lin28B is 24
nt
Human Lin28 has been demonstrated to bind to the 40 nt long
terminal stem-loop of pre-let-7g [20]. The minimal length of pre-
let-7g that interacts with Lin28B has yet to be determined. The
interactions of the full length Lin28B (residues 1–250) binding to
the 50-end 32P labeled 28 nt, 24 nt and 20 nt long pre-let-7g RNA
constructs, which preserve the terminal stem-loop were analyzed
by electrophoretic mobility shift assay (EMSA) (Fig. 1). EMSA
experiments were performed with 1  105 cpm of 50-end 32P la-
beled pre-let-7g 28 nt, 24 nt that includes the GGAG motif at the
30 end and a 20 nt RNA lacking nucleotides AG of the GGAG motif,
which were titrated to full length Lin28B, protein concentrations
ranging from 60 nM to 16 lM. Full length Lin28B showed a clear
gel shift indicative of complex formation with 28 nt (Fig. 1A) and
24 nt (Fig. 1B) but not with 20 nt long pre-let-7g (Fig. S1A).
Lin28B selective binding to the 24 nt long pre-let-7g but not
to the shorter length RNA suggests that though the terminal
stem-loop of let-7g may be essential to bind Lin28 [15], a few
nucleotides in the stem region, within the terminal stem-loop of
pre-let-7g play a crucial role in the binding of Lin28B to pre-
let-7g. The GGAG motif is a common motif among the let-7 RNAs
(21), with the ﬁrst and last G of GGAG thought to be the key inter-
actions (19). However the absence of last G from GGAG completely
abolished the binding of Lin28B to pre-let-7g that was observed in
20 nt RNA (Fig. S1A). Therefore, no region beyond the 24 nt of
pre-let-7g RNA is required to bind Lin28B and binding to this
region may be sufﬁcient to inhibit the access of Dicer to block
the let-7g miRNA biogenesis.
2.2. Full-length Lin28B is required for efﬁcient binding to pre-let-7g
In order to assess the relative contributions of the Lin28B do-
mains in recognizing pre-let-7g, truncated versions of Lin28B were
expressed, and binding to 1  105 cpm of 50-end 32P labeled pre-
let-7g RNA constructs was analyzed by EMSA (Fig. 1). Full-length
Lin28B titrated with 28 nt and 24 nt pre-let-7g, formed complexes
(Fig. 1). A second construct was created, residues 29–176, preserv-
ing both the CSD and the ZKD. This truncated construct still bound
24 nt pre-let-7g, albeit with a signiﬁcantly reduced afﬁnity. In a
titration from 250 nM to 16 lM, 29–176 shows a distinct gel shift,
but no saturation, even at 16 lM protein concentration (Fig. 1C).
The binding of the truncated ZKD (residues 127–176) to 24 ntpre-let-7g was also conducted. The ZKD did not show any appre-
ciable binding to 24 nt pre-let-7g (Fig. S1B). The binding of the
truncated CSD (29–101) could not be tested as it was not soluble.
These results demonstrate that the ZKD alone could not interact
to pre-let-7g. However the full length protein shows stronger
interaction to pre-let-7g compared to the truncate residues 29–
176 that contains the CSD and the ZKD. Therefore, the full-length
protein is required for high afﬁnity binding. The contribution of
the remaining amino acids upstream and downstream the CSD
and the ZKD are required and may be involved in stabilizing the
domains relative to one another for efﬁcient binding.
2.3. Stoichiometry of the Lin28B:pre-let-7g complex is 1:1
The truncated CSD and ZKD construct of mouse Lin28 showed a
1:1 stoichiometric complex with pre-let-7d RNA (15). Analytical
Fig. 2. LILBID mass spectra of full length Lin28B alone and the full length Lin28B in
the presence of 28 nt and 24 nt pre-let-7g RNA. (A) Mass spectrum showing full
length Lin28B as a monomer with a mass corresponding to 29.1 kDa. (B) Mass
spectrum of full length Lin28B and pre-let-7g 28 incubated in 1:1 ratio
(5 lM:5 lM). Star represents 1:1 stoichiometric complex of full length
Lin28B:pre-let-7g 28 with a mass corresponding to 38.2 kDa. (C) Mass spectrum
of full length Lin28B and pre-let-7g 24 incubated in 1:1 ratio (5 lM:5 lM).
Box represents 1:1 stoichiometric complex of full length Lin28B:pre-let-7g 24 with
a mass corresponding to 37.7 kDa.
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Lin28B:pre-let-7g complex, with the free pre-let-7g RNA running
as a monodispersed peak (Fig. S2). In order to determine the stoi-
chiometry of the complex quantitatively, LILBID mass spectrome-
try method was used (Fig. 2), which is useful for measuring the
mass of noncovalent protein complexes. This is a robust method,
and has previously been used to identify interactions in the 30S
and 50S subunits of the ribosome, interactions in membrane
proteins such as the light harvesting complexes and also in
protein:nucleic acid complexes [22].The full length Lin28B protein, pre-let-7g 28 nt and 24 nt
RNA showed masses of around 29.1 kDa (Fig. 2A), 9.1 kDa
(Fig. S3A) and 8.6 kDa (Fig. S3B), respectively. The estimated
mass values of Lin28B protein and pre-let-7g 28 nt, 24 nt are nearly
equivalent to the calculated corresponding amino acid and nucleic
acid sequences. To determine the stoichiometry of full length
Lin28B:pre-let-7g 28 and full length Lin28B:pre-let-7g 24 complex,
the protein and RNA were mixed in equimolar ratio and screened.
The Lin28B:pre-let-7g 28 and Lin28B:pre-let-7g 24 complex
peaks showed masses of 38.2 kDa (Fig. 2B) and 37.7 kDa
(Fig. 2C), respectively. The estimated molecular masses of
38.2 kDa and 37.7 kDa are equal to that of a 1:1 complex of full
length Lin28B:pre-let-7g 28 and Lin28B:pre-let-7g 24, respec-
tively. These results demonstrate that Lin28B and pre-let-7g form
a 1:1 complex. In vitro, the stoichiometry of the Lin28B:pre-let-
7g complex is 1:1 and remains constant even with 10-fold excess
molar ratio of pre-let-7g RNA to protein (Fig. S3C and D). This sug-
gests that the RNA binding residues of Lin28B engage in binding a
lone pre-let-7g and thus cannot bind additional RNA molecules,
even at higher RNA concentrations. This may explain the absence
of larger macro molecular complexes even at higher RNA
concentrations (Fig. S3C). However, Lin28B shows comparatively
weaker interactions with 28 nt pre-let-7g (Fig. 2B) than with
24 nt (Fig. 2C), which is evident from the elevated complex peak
and correspondingly diminished RNA peak in the later.
2.4. MD simulation of Lin28B:pre-let-7g complex reveals the molecular
interactions
An homology model of the Lin28B:pre-let-7g complex (Fig. 3A)
obtained by aligning the Lin28B sequence to mouse Lin28 was used
for a 40 ns long MD simulation in Gromacs [23] for checking of the
stability of the modeled Lin28B:pre-let-7g. The ZKD of Lin28B
interacted with pre-let-7g GGAG motif during and after the simu-
lation. After the simulation, the ﬁrst G of GGAG motif formed a pi
stacking interaction with H152 of Lin28B corresponding to H162 in
mouse Lin28 [15], and the last G was sandwiched between Y130
and H138 of Lin28B by pi stacking interactions, corresponding to
Y140 and H148 in mouse Lin28 (Fig. 3B and C). The A of GGAG mo-
tif was found to be orienting to Y130 of Lin28B in order to optimize
the pi stacking interaction, corresponding to Y140 in mouse Lin28
(Fig. 3C). Additionally, the ﬁrst G was within H-bonding distance of
K149, K150, H152, and V161 of Lin28B, corresponding to K159,
K160, H162, and V171 in mouse Lin28. The second G and last G
were involved in H-bonding interaction with K149 and Y130,
R128, A139, and H138 of Lin28B, corresponding to K159 and
R138, Y143, H148, and A149 in mouse Lin28, respectively
(Fig. S4). Prolonged simulation of ls length could orient them even
further. The residues of the ZKD involved in interactions with the
GGAG motif are mostly preserved between mouse Lin28 and hu-
man Lin28B since they can be aligned (Fig. 3D). A previous report
stated that Lin28 binding to pre-let-7g is abolished by C161A,
F73A, F47A mutations that are involved in binding to let-7g, which
is unlikely [20]. Moreover, the NMR structure of the ZKD in com-
plex with isolated 50-AGGAGU-30 indicated that the 50-NGNNG-30
motif of let-7g is required for recognition by the ZKD, which is
similar to our observation. Previously, the NMR structure of the
HIV-1 nucleocapsid protein bound to stem-loop SL2 of the psi-
RNA revealed that the second and fourth G of GGAG/GGUG motif
are involved in binding the ZKD [24].
In our Lin28B model, each zinc atom forms a tetrahedral coordi-
nation complex with C129, C132, C142, H137 and C151, C154,
C164, and H159 in the ZKD. In mouse Lin28, the corresponding res-
idues are C161, C164, C174, H169 and C139, C142, C152, and H147,
respectively. CCHC type ZKDs are found in nucleocapsid proteins of
retroviruses playing a major role in packing of the genetic material
Fig. 3. MD simulations of human Lin28B:pre-let-7g complex. (A) pre-let-7g in complex with the homology model of Lin28B (based on the crystal structure of mouse
Lin28:pre-let-7g (PDB ID: 3TS2)). (B) pi stacking interactions of mouse Lin28 with the GGAG motif. (C) pi stacking interactions of human Lin28B with the GGAG motif. (D)
Sequence alignment of mouse Lin28 with human Lin28B used in the homology modeling. (E) Evolution of Lin28B secondary structure during MD simulation of the
Lin28B:pre-let-7g complex. (F) RMSD of the CSD (shown in blue) and the ZKD (shown in green) during the 40 ns MD simulations. (G) Interaction energy between Lin28B and
pre-let-7g during the simulation. Lennard–Jones (LJ)/van der Waals and electrostatic (Coulomb’s) interaction energies are shown in green and blue, respectively.
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3’-terminal uridinylation of pre-let-7 RNAs and thus block the
biogenesis of let-7 miRNAs [14,21]. This is in agreement with our
simulations, where ZKD has no deﬁned structure and it fails to bind
to the let-7g GGAG motif in the absence of zinc, which prevents
CCHC type zinc ﬁnger formation. The ﬁrst and last G of the GGAG
motif determine the key interactions (Figs. 3B, C and S4), and their
mutation resulted in loss of binding, whereas the A of the GGAG
motif hardly has any inﬂuence on binding [19].
The CSD (75 amino acids) is conserved in prokaryotic and
eukaryotic DNA binding proteins. The CSD is known to bind single
stranded RNA and the structure of this domain has been conserved
during evolution. Interactions of the CSD with pre-let-7g were also
preserved in the case of human as observed for mouse. pre-let-7g
G1-A13 in the stem loop is shown to interact with various residues
of the CSD. After MD simulations, it was found that G2, G3, G4, C6,
U7, A8, G10, A11, U12, C15, and A16 were involved in H-bonding
and hydrophobic interactions with the Lin28B CSD, whereas U9
and A13 formed only hydrophobic contacts (Fig. S5). In the case
of mouse Lin28, C6, U7, A8, U9, G10, A11, U12, C15, and A13 make
H-bonding and hydrophobic contacts and A16 only has hydropho-
bic contacts (Fig. S5) (The common nucleotides are highlighted in
bold). Interactions of G2, G3 and G4 to the CSD of Lin28B unlike
mouse Lin28, could be pivotal in recognizing the pre-let-7g stem
loop. As reported recently by Mayr et al. [18], the CSD is involvedin remodeling of let-7 before binding to the ZKD and it acts as a
molecular chaperone for RNA folding.
Secondary structure analysis indicates conservation in the sim-
ulation of the CSD beta sheet unlike the ZKD, which changes be-
tween turns, coils and bends (Fig. 3E). The complex was stable
during the simulation as shown in the root mean square deviation
(RMSD) plot (Fig. 3F). The RMSD of the CSD was within 1 Å
throughout the simulation, whereas for the ZKD domain it varied
between 0.5 and 1.5 Å due to the ﬂexibility of the region, although
its interactions with the GGAG motif were preserved (Fig. 3F). This
ﬂexibility facilitates the binding of Lin28B to the let-7 family of
miRNAs, with a shorter or longer loop preceding the GGAG motif.
Coulomb and Lennard Jones interaction energies between Lin28B
and let-7g decreased from 950 to 1150 kJ/mol and 800 to
875 kJ/mol, respectively during the simulation (Fig. 3G). Root
mean square ﬂuctuation (RMSF) analysis points towards the ﬂexi-
bility of the CSD to be 2 Å and that of the ZKD 2–4 Å (Fig. 4A).
During principal component analysis (PCA) from the MD simula-
tions, the movement of the ZKD in upward direction was also ob-
served, which will allow binding to the shorter length pre-let-7g
with the conserved GGAG motif. Plotting the ﬁrst Eigenvector of
Lin28B to that of let-7g indicates that both motions are linearly
correlated (Fig. 4B). NMR studies have led to the proposal that
the ﬂexibility of the linker is able to accommodate various let-7s
to Lin28 [15].
Fig. 4. (A) RMSF of Lin28B C-alpha atoms throughout the simulation. (B) Plot of the
ﬁrst Eigenvector obtained from the PCA of Lin28B and pre-let-7g motions,
respectively. Direction of movement along the ﬁrst eigenvector can be identiﬁed
by the initial (in green) and ﬁnal (in blue) position of Lin28B and pre-let-7g.
3990 P. Shaik Syed Ali et al. / FEBS Letters 586 (2012) 3986–3990In this paper, we propose for the ﬁrst time the minimal lengths
of pre-let-7g and human Lin28B required for binding. The stoichi-
ometry of the complex was determined to be 1:1. Based on MD
simulations we show the Lin28B residues that are involved in the
interaction with pre-let-7g.
3. Materials and methods
Materials and methods are described in supplementary
information.
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